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INTRODUCTION 

S t u d i e s  on the  s o l i d  s t a t e  adhesion of me ta l s  have been 
conducted a t  Nat iona l  Research Corporat ion f o r  t h e  p a s t  
s e v e r a l  y e a r s  under t h e  sponsorsh ip  of t h e  Nat iona l  Aeronau- 
t ics and Space Adminis t ra t ion and t h e  United S t a t e s  A i r  

Force. S ince  adhesion has  been observed f o r  metals and 
a l l o y s  under widely varying c o n d i t i o n s ,  t h e r e  is a need t o  
d i s t i n g u i s h  among t h e  e f f e c t s  of t he  more important  v a r i -  
ables c o n t r o l l i n g  t h e  bonding mechanism. Th i s  paper d e a l s  
w i t h  a v a r i e t y  of experimental  obse rva t ions  on adhesion 
mechanisms c a r r i e d  o u t  a t  Nat ional  Research Corpora t ion .  

The g e n e r a l  o b j e c t i v e  has  been t o  o b t a i n  a d d i t i o n a l  in- 
format ion  a s  t o  t h e  cond i t ions  under which m e t a l s  and a l l o y s  
of engineer ing  importance f o r  space  a p p l i c a t i o n s  w i l l  adhere 
t o  one ano the r  w i t h  s u f f i c i e n t  t e n a c i t y  t o  h inde r  t h e  rela- 
t i v e  motion or subsequent  s e p a r a t i o n  of components of me- 
c h a n i c a l  and e lectr ical  devices  used i n  space  e x p l o r a t i o n .  
Such dev ices  inc lude  bea r ings ,  s o l e n o i d s ,  v a l v e s ,  s l i p  r i n g s ,  
mating f l a n g e s ,  c o n i c a l  rendezvous mating s u r f a c e s ,  etc. 

Even a s m a l l  amount of adhesion would be d i s a s t r o u s  i n  
many cases on a space  v e h i c l e  s i n c e  power on such c r a f t  is 
o r d i n a r i l y  ve ry  l i m i t e d  and mechanical components n u s t  work 
f r e e l y .  There i s ,  t h e r e f o r e ,  an important  requirement  for 
q u a n t i t a t i v e  d a t a  on adhesion. 

I n  a d d i t i o n ,  however, t o  t h e  p r e v e n t a t i v e  a s p e c t  of ad- 
hes ion  i n  moving components, t h e  c o l d  welding phenomenon may 
be cons idered  i n  a m o r e  p o s i t i v e  l i g h t  a s  a r e l a t i v e l y  con- 
venien t  j o i n i n g  technique  i n  space  or vacuum. Metal-to-metal 
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bonds formed by the cold welding process exhibit important 
advantages such as the absence of a heat-affected zone 
surrounding the weldmei:t, thus avoiding the formation of 
brittle or weak intermetallic phases. For the same reason, 
dissimilar metals which cannot be welded by conventional 
methods due to brittle phase formation or relative insolu- 
bility, can be joined by room temperature adhesion techni- 
ques . 

The adhesion (cold welding) technique tends to have 
possible future potential in many fields. At present, its 
application is directed commercially toward the electronics 
and space industry. In the electronic industry possible ap- 
plications are the fabrication of metal-to-semi-conductor 
bonds and the wiring of micro circuitry. The technique may 
eliminate the formation of brittle intermetallic phases which 
usually result in high electrical resistance and weak mechani- 
cal bonds. On the other hand, the adhesion technique can 
possibly be utilized in the fabrication of components and 
subassemblies in such future space programs as Apollo and 
M.O.L. 

To fully understand the work presented, an acquaintance 
with the terminology of adhesion is helpful. The following 
definitions will allow a more complete understanding of this 
report: 

Adhesion (cold welding) - The ability of two separate 
atoms, molecules, or materials to form a common bond. 

Adhesion Coefficient (d) - The ratio of the force re- 
quired to rupture the cold welded bond and the force required 
to form the bond. 
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Compress ib i l i t y  Fac tor  (C) - The r a t i o  of appl ied 

stress r e q u i r e d  t o  for= t h e  cold w e l d e d  bond and the 

a c t u a l  y i e l d  stress of the test  m a t e r i a l .  I n  the  case 
of d i s s i m i l a r  materials,  t h e  y i e l d  stress of t h e  sof tes t  
mater ia l  should be used. 

EXPERIMENTAL TECHNIQUES 

Since  the  c o l d  welding p rocess  is extremely s e n s i -  
t i v e  t o  t h e  presence  of s u r f a c e  contaminant f i l m s ,  such 
as  metal ox ides  o r  o rgan ic  l a y e r s ,  s t u d i e s  of t h e  adhesion 
phenomonon have been c a r r i e d  ou t  i n  u l t r a h i g h  vacuum sys- 
t e m s  i n  which a major p o r t i o n  of the  s u r f a c e  contaminants  
may be desorbed. The k i n e t i c s  of oxide  formation are  

d i r e c t l y  p r o p o r t i o n a l  t o  the  oxygen p a r t i a l  p r e s s u r e ;  
g e n e r a l l y  vacuum l e v e l s  below 
ma in ta in  oxide-free s u r f a c e s  for  a f i n i t e  t i m e  pe r iod  dur- 
i n g  t e s t i n g .  

torr are r e q u i r e d  t o  

Seve ra l  s u r f a c e  c l ean ing  techniques  have been employed 
i n  adhesion i n v e s t i g a t i o n s  a t  NRC i nc lud ing  thermal  out-  
g a s s i n g ,  s u r f a c e  c l eavage ,  w i r e  brush a b r a s i o n ,  and i o n  
bombardment. I n  p a r t i c u l a r ,  w i r e  b r u s h  a b r a s i o n  i n  vacuum 
has  proved t o  be a s imple ,  u s e f u l  method for removing impur i ty  
f i l m s  f r o m  test s u r f a c e s  a l though t r a n s f e r  of brush m a t e r i a l  
t o  t h e  s u r f a c e s  a s  w e l l  a s  s u r f a c e  s c o r i n g  and roughening 
w a s  encountered.  

To achieve  s t r o n g  adhesion forces over  l a r g e  areas fo r  
eng inee r ing  mater ia ls ,  s u r f a c e  c o n t a c t  stresses must be 

equ iva len t  t o  t h e  y i e l d  stress of t h e  meta l  components. Sur- 
f a c e  p l a s t i c i t y  is requ i r ed  t o  broaden t h e  i n t e r f a c i a l  area of 
atomic c o n t a c t  and t o  r e l i e v e  e l a s t i c  stresses concen t r a t ed  
a t  localized s u r f a c e  a s p e r i t i e s .  I n  exper imenta l  s t u d i e s ,  
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compressive t es t  assembl ies ,  a s  shown i n  F ig .  1, genera t -  
i n g  up t o  2000 I b s .  Qf foxe, w e r e  used t o  o b t a i n  con- 
tact  stresses up t o  50,000 p s i .  Motor d r i v e n  loading 
u n i t s  w i t h  i n t e g r a l  load  c e l l s  w e r e  u t i l i z e d  f o r  t h e  ten- 
s i l e  forces. I n  a d d i t i o n  t o  a x i a l  load mechanisms, r o t a r y  
d r i v e  components have a l s o  been used t o  impose r o t a t i o n a l  
shear stresses combined w i t h  normal stresses. 

EXPERIBdENTAL APPROACH 

The main approach t o  t h e  exper imenta l  s tudy  of t h e  ad- 

hes ion  phenomena w a s  t o  design a t e s t i n g  program t o  deter- 

mine t h e  effect  of s e v e r a l  c r i t i c a l  parameters on t h e  a b i l i -  

t y  t o  f o r m  a cold welded bond. Adhesion tes ts  w e r e  conducted 
on s i m i l a r  and d i s s i m i l a r  pa i r s  of specimens. 

An i n i t i a l  test series c o n s i s t e d  of s i m i l a r  material  
pairs  of copper ,  s teel ,  aluminum and g o l d ,  w i t h  t h e  major 
e f f o r t  on copper.  The parameters  t h a t  w e r e  v a r i e d  inc luded  
tempera ture ,  l o a d ,  and degree of c l e a n i n g .  Seve ra l  tests 
w e r e  performed w h i l e  varying one parameter a t  a t i m e .  The 
second tes t  series c o n s i s t e d  of d i s s i m i l a r  m a t e r i a l  pa i r s .  

RESULTS 

The e f f e c t s  of va r ious  parameters  on the  adhesion of 
s imi l a r  materials w e r e  i n v e s t i g a t e d  i n  three test sequences.  
These inc luded  effects  of c l e a n i n g  ( v i a  w i r e  b rush ing  techni -  
q u e s ) ,  t empera ture ,  and loadicg  stress. 

Copper specimens w e r e  tested e x t e n s i v e l y  a t  vacuum 
l e v e l s  of t o  lo-’ t o r r .  A s  shown i n  F i g s .  2 ,  3, and 4 ,  
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the adhesion of similar metals was a function of all three 
parameters, degree of cleaning, temperature and load. The 
adhesion force tended to increase directly within these 
parameters. This first series lead to the conclusion that 
adhesion was stongly affected by plastic deformation and 
interfacial diffusion. In order to examine the effect of 
lattice solubility, a second series of dissimilar materials 
were tested. 

Specimens consisting of two categories of dissimilar 
material samples; (1) materials that were completely solu- 
ble with each other at room temperature and (2) material 
with less than 0.1% solubility at room temperature were 
tested. The material pairs are listed in Table I below: 

TABLE I 

Soluble Pairs Insoluble Pairs 

(100%) ((0 w 
CU - AU Cu - Ta 
Cu - Nk Ag - Fe 
Ag - AU 
Nb - Ta 

Ag - Ni 
AU - Pb 

These two solubility levels were selected to examine the 
importance of the chemical solubility effects as a major 
mechanism of cold welding. However, experimental results 
shown in Fig. 5 indicate that adhesion was obtained for both 
solubility conditions. Again the three reported factors of 
degree of cleaning, temperature, and loading were the prime 
test variables. These parameters were all directly related 
to the amount of cold welding obtained. The insensitivity of 
adhesion mechanism to bulk lattice solubility properties may 
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TABLE I1 

Other Material Pairs For Which 

Adhesion Has Been Reported 

Material Pairs 

A1 - A 1  

2024 - 2024 

6061 - 6061 

AU - AU 
CU - 1018 
CU - 4140 
CU - 440 
Cu - Be Cu 
Cu - Ti 
CU - A 1  

CU - 6061 
AU - 1018 

6061 - 1018 
6061 - 2024 

6061 - A 1  

AU - A1 

0.40 

0.09 

0.15 

0.17 

0.15 
0.02 

0.02 
0.20 
0.08 

0.40 

0.06 

0.02 

0.02 

0.04 

0.01 

0.40 
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be a t t r i b u t e d  t o  t h e  r e l a t i v e  l a t t i c e  r e l a x a t i o n  a t  t h e  

s u r f a c e ,  t h u s  p e r m i t t i n g  a w i d e r  degree of atomic sub- 
s t i t u t i o n  and a l l o y i n g  a t  t h e  i n t e r f a c i a l  zone. 

A f o u r t h  v a r i a b l e  was a l so  ev iden t  f r o m  t h e  r e s u l t s  
shown i n  Fig. 5. This  w a s  t h a t  adhesion or  co ld  welding 
w a s  r e l a t e d  i n v e r s e l y  t o  t h e  hardness  (average y i e l d  
stress) of the m a t e r i a l  p a i r .  

The p r e s e n t  d a t a  has  d e a l t  w i t h  selected mater ia ls ,  
however, many m a t e r i a l s  have been r e p o r t e d  t o  adhere i n  
vacuum. Table  I1 lists o the r  m a t e r i a l  f o r  which cold 
welding has been r epor t ed  a long  w i t h  t h e  maximum adhesion 
c o e f f i c i e n t  ob ta ined .  

DISCUSSION 

From t h e  experimental  s t u d i e s  r epor t ed  above, i t  is 
e v i d e n t  t h a t  t h e  c o l d  welding phenomenon is of g e n e r a l  
a p p l i c a t i o n  f o r  a wide  range of engineer ing  metals. 
Seve ra l  c r i t e r i a ,  however, must be s a t i s f i e d  be fo re  
s u c c e s s f u l  welding c a n  be achieved:  

1. Surface  C lean l ines s  - t h e  s t r e n g t h  of t h e  weld- 
ment c a n  be d i r e c t l y  r e l a t e d  t o  d e n s i t y  of metal-to-metal  
atomic bonds. Hence, the  presence  of oxide or o r g a i n i c  
f i l m s  which can  bond only very  weakly a c r o s s  t h e  i n t e r f a c e  
must be avoided. 

2. P l a s t i c i t y  - t h e  a b i l i t y  of t h e  c o n t a c t i n g  su r -  
faces t o  p l a s t i c a l l y  f l o w  is necessary  t o  b r i n g  the  s u r f a c e s  
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into close atomic contact and to relieve elastic restor- 
ing stresses generated in localized areas of initial 
contact. This requirement can explain the relative diffi- 
culty in cold welding strong metals with limited ductility 
such as tungsten or high strength steel compared to softer 
materials such as aluminum or copper. 

3. Temperature - increasing the contact temperature 
tends to lower the yield stress and increase ductility. 
An increase in temperature to values above 1/2 T (melt- 
ing point) also leads to extensive diffusion bonding across 
the interface. 

mP 
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